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Abstract 
The paper presents a method of designing a fuzzy model for a nonlinear mechatronic system described only by input/output 
relations. The fuzzy model of the system is constructed on basis of the system´s measured input/output data without the necessity 
of preliminary knowledge of its internal structure and parameters. In the first part of the paper we describe the method of the 
fuzzy model design in the simple example of third order nonlinear system, in the second part this method is applied to a real 
nonlinear dual axis mechatronic system. Important simulations and experimental measurements have been realized which 
confirm the rightness of the proposed fuzzy modelling method, which can also be applied for other nonlinear MIMO systems.  
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the Modelling of Mechanical and Mechatronic Systems MMaMS 
2014.  
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1. Introduction 
The fuzzy approach in the description and control of dynamic systems has recently undergone considerable 
development. One of the most successful fuzzy system applications is fuzzy logic control (FLC), which has become 
an effective approach in the control of many complex nonlinear systems that are often impossible to describe 
analytically, or the control of which by means of “conventional controllers” is too complicated or difficult to 
implement. Although the design of FLC based control systems is characterized by a non-systematic approach to 
controller synthesis and to their stability analysis, it has in many cases become an alternative to the use of 
conventional control techniques in various fields of industry where the implementation of fuzzy controllers appears 
to be very effective due to the fact that at the account of a certain simplification they can lead to achieving very good 
qualitative properties of control [1, 2, 3, 4, 5]. The core of the design of a fuzzy type system (its model or controller) 
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consists in suitable fuzzification of the space of the individual variables and the proposal of rules for behaviour of 
the controller within this space. FLC was originally developed as a model free control design approach, where the 
behaviour of the controller is modelled by linguistic control rules. However, it is not always possible to obtain the 
expert knowledge required for fuzzy controller design, or to use universal „meta rules“, especially in the case of 
nonlinear high order systems [6]. For this reason, prevailing research efforts concerning fuzzy logic control in recent 
years have been devoted to systematic analysis and design of fuzzy control systems that do not demand heuristic 
searching for linguistic control rules. This most often involves methods based on fuzzy models of the controlled 
systems that guarantee not only the stability but also the required dynamics of closed-loop fuzzy control systems [7, 
8, 9, 10]. 
This paper presents a method for a black-box system fuzzy model design which in principle only requires a 
suitable set of information on its input/output relations, while the design itself is based on the basic idea of dynamic 
system description in state space and uses commonly available means of the Matlab program package. The fuzzy 
model design method, which can in principal be fully algorithmed, has been verified by simulations in MATLAB 
programme environment and also by experimental laboratory measurements on a real nonlinear dual axis mechanical 
system. Experimental results of an application of the fuzzy model designed by this method in the construction of a 
simple nonlinear mechanical MIMO system fuzzy controller are presented in the concluding section of the paper. 
2. Fuzzy model design method 
The whole algorithm of the black-box system (hereinafter BBS) fuzzy model design can be summarized into the 
following three steps:  
1. Generation of database from measured inputs and their corresponding outputs, which describes the behaviour of 
the modelled system. 
At this stage of the design it is necessary to measure (obtain) a consistent database of relations between the inputs 
and outputs of the controlled black-box system which covers its entire assumed work space. This can basically be 
achieved either by exciting the system by a suitable statistic input signal u(t) [6], or by an input signal which evenly 
divides the entire input space [11, 12]. Using a random input signal is suitable for existing systems with which it is 
not possible (e.g. for operational reasons) to enforce predetermined inputs to the system. Such a database can be 
obtained also in the course of normal operation of the modelled system which is controlled by an operator who is the 
“generator” of input signals. In principal, no previous information on the characteristics and the structure of the 
modelled system is required in this case. Typical examples would be continuous technological lines for material 
processing, temperature control in power plant units, chemical technological processes, etc.  
In case we wish to apply a systematic approach for the database generation, we first need to find out at least some 
basic information about the BBS. To begin with, it is necessary to define the modelled work ranges of the particular 
inputs and outputs. It is then possible to evenly divide the work space, for example, into a chosen number of levels, 
to implement the transition of inputs between the said levels and measure the database of referential data from these 
dynamic transitions.  
If we divide the u input signal work space into m levels, the number of transitions between them is given by 
second class variations from m elements 
ଶܸሺ݉ሻ ൌ ௠Ǩሺ௠ିଶሻǨ (1) 
For a system with single input u that would be divided in the range <0-1> into 6 levels [0, 0.2, 0.4, 0.6, 0.8, 1] 
there will be 30 transitions, as illustrated in Fig. 1. 
Collection of information database for BBS fuzzy model construction is shown in Fig.2, where block z-1 performs 
a signal delay by one sampling step T. 
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Fig. 1 Generator of steps for obtaining referential database for BBS fuzzy model  
 
 
Fig.2 Collection of information database for BBS fuzzy model construction 
The time intervals of the individual transitions have to be chosen in such a way that with each transition the BBS 
output is settled. In case that some of the transitions are not allowed due to the BBS physical restrictions, they need 
to be excluded. For example, the above illustrated example of transitions generation could not be applied for the 
model of a separately excited DC motor, as this motor, due to the commutator, has restricted armature current and 
therefore it cannot be subjected to a connection with a very large difference between armature voltage and induced 
voltage.  
The higher the chosen number of levels of the work space is, the higher the accuracy of the fuzzy model becomes. 
However, also the range of the database becomes larger and the complexity of its processing is greater.  
2. Construction of the modelled system fuzzy model  
There exist various possible fuzzy system structures, both as regards their static fuzzy subsystem (Mamdani, 
Sageno, ...), or their dynamic subsystems. From this point on we shall consider a fuzzy model structure based on the 
state concept of a discrete dynamic system, according to which the state of a system in a particular step depends on 
its state in the previous step and on the increment in state between these steps, which is a function of the preceding 
inputs and states. This concept can be expressed mathematically by the following equations 
 
kkk xxx d1    (2) 
),(d 11  kkk f xux  
The static subsystem is thus in this case represented by the static function f(uk-1, xk-1), which comprises 
information on the structure and the characteristics of the given subsystem. Construction of the BBS fuzzy model 
consists in determining the fuzzy approximation of this function on basis of the obtained BBS inputs and outputs 
database. The structure of the proposed fuzzy model is shown in Fig. 3. 
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Fig. 3 Structure of the discrete fuzzy model of the BBS  
Because (2) is a discrete system, a suitable sampling time T that complies with the Shannon-Kotelnikov theorem 
has to be chosen. With this objective it is necessary to estimate the overall dynamics of the parts of the modelled 
system from the measured transitions. The number of measured samples for the database grows as T becomes shorter 
and, similarly to the number of transitions, it influences the complexity of further database processing. Another 
important piece of information is the order of the modelled BBS (the number of state quantities of its model). If we 
choose a smaller order of the fuzzy model than that of the modelled BBS, as a rule it will result in ambiguity and 
inconsistency of the fuzzy model rules, which reduces its quality.  
Using the measured data database, the particular fuzzy model can be designed by standardly known procedures of 
clustering the data into significant clusters and their description by rules, e.g. by the Anfisedit tool of the Matlab 
programme.  
3. Verification of the proposed fuzzy model can be executed: 
x by simulation with the fuzzy model of the system 
x by experiment on a real system 
The basic verification is executed on inputs used for measuring the database for the fuzzy model. This is followed 
by verification for randomly chosen combinations of inputs from their work range. 
3. Example of fuzzy model design procedure for a MIMO system 
To illustrate the BBS fuzzy model design procedure, let us choose a system described in state space [13] by 
equation (3)  
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It is a 3rd order nonlinear MIMO system with two inputs and two outputs (let us consider y1=x1 and y2=x2). In 
order to determine a suitable sampling time T and estimated times for transitions needed for establishing a suitable 
database of the system´s fuzzy model (2) we shall execute identification measurements according to Fig. 4. 
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Fig. 4 BBS identification response 
It can be seen that one part of the system has an integrating character and the second part has an oscillating 
character. Let us assume the work range for inputs u1 or u2 <-3, 3> and for state quantities <-1, 1.>. We can then 
select systematic transition over the work space for example by moving state quantity x2 higher on both inputs every 
10s and then, in 1s intervals, exciting the faster oscillating part to both sides by input u2. The sequence of the 
generated inputs and their corresponding outputs is shown in Fig. 5.  
 
 
Fig. 5 Identification transitions for BBS fuzzy model database  
Note: Also state quantity x3, not shown in Fig. 5, needs to be registered into the database. 
With chosen sampling time T=0.1s we obtain a database with 1200 samples. We used standard Matlab tools 
(Anfisedit tool, Subclustering method with standard default parameters) to obtain the corresponding fuzzy 
representation of functions dy1k and dy2k, respectively. The block diagram of the system´s fuzzy model (3) is shown 
in Fig. 6.  
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Fig. 6 BBS fuzzy model block diagram  
The internal structure of the proposed Sugeno type fuzzy model with five rules is represented in Fig. 7, and Fig. 8 
shows the comparison of its responses with responses of the BBS. 
 
 
Fig. 7 BBS fuzzy model internal structure  
 
Fig. 8 Comparison of the BBS and of its proposed fuzzy model outputs  
4. Experimental results - fuzzy model of a dual axis mechatronic system  
For verification of the proposed method we chose a nonlinear dual axis mechatronic system for the black-box 
system. The physical model of the system was implemented as demonstrated in Fig. 9.  
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Fig. 9 Nonlinear dual axis mechatronic system 
The system consists of a swivel moving arm with an attached trolley with load that moves along the arm. Both 
arm and trolley movement are generated by dedicated drives with separately excited DC motors. 
This nonlinear mechatronic system (NMS) is a 4th order MIMO system with two inputs and four outputs (y1=x1, 
y2=x2, y3=x3, y4=x4) and structure as illustrated in Fig. 10, where two subsystems can be distinguished: the arm 
subsystem and the trolley subsystem. 
 
 
Fig. 10 Nonlinear mechatronic system as a MIMO system 
The physical denotation of the individual model quantities is as follows:  
u1 – armature voltage – arm motor [V] u2 – armature voltage – trolley motor [V] 
y1 – arm position [degree] y2 – arm movement speed [rad/s] 
y3 – trolley position [m] y4 – rotation speed of trolley motor shaft [rad/s] 
 
The position of the arm is specified in the range from 0 to 180 (degree) in the positive direction and from 0 to -
180 degree in the negative direction. The trolley position is from the interval <0, 460> mm, while the reference 
position for the trolley is the top position.  
The experimentally measured response of this system to individual values of inputs u1=24V and u2=-12V is 
shown in Fig. 11.  
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Fig. 11 Experimental response of nonlinear mechatronic system 
From these inputs a database was generated for constructing a fuzzy model of a nonlinear mechatronic system, 
applying the procedure specified in the previous chapter. The structure of the system for data collection for the 
database is shown in Fig. 12. 
The measured database can be used to search for FIS structures of the given nonlinear system which best describe 
the measured relations between [u1k-1, u2k-1, y1k-1, y2k-1, y3k-1, y4k-1] → dy1k, [u1k-1, u2k-1, y1k-1, y2k-1, y3k-1, y4k-1] → dy2k, 
[u1k-1, u2k-1, y1k-1, y2k-1, y3k-1, y4k-1] → dy2k, [u1k-1, u2k-1, y1k-1, y2k-1, y3k-1, y4k-1] → dy3k, [u1k-1, u2k-1, y1k-1, y2k-1, y3k-1, y4k-1] 
→ dy4k. In the MATLAB programme package the Anfisedit tool can be used for this purpose. The method used for 
the fuzzy system generation was the subclustering method, having the following parameters: Range of 
influence=0.4, Squash factor=1.25, Accept ratio=0.4, Reject ratio=0.01. The results were four static Sugeno type 
fuzzy systems, each comprising six rules. The internal structure of the designed fuzzy model of a dual axis 
mechanical system is illustrated in Fig. 13.  
 
 
Fig. 12 Generation of database for nonlinear mechanical system fuzzy model  
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Fig. 13 Internal structure of the fuzzy model of a nonlinear dual axis mechanical system  
Experimentally measured responses of nonlinear mechatronic system fuzzy model to the chosen combination of 
inputs u1=24V a u2=-12V in the Fig. 14 shows that the fuzzy model relatively precisely represents the behaviour of 
the real NMS (see Fig. 11) and it can be applied further for example for the design of the model based fuzzy 
controller [8, 9], where the controller is designed with as little previous knowledge of the system as possible with the 
objective of avoiding a heuristic search for its fuzzy rules. 
 
 
Fig. 14 Nonlinear mechanical BBS fuzzy model outputs  
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5. Discussion and conclusion 
The paper briefly describes the design procedure of a nonlinear mechatronic system fuzzy model which was 
constructed only on basis of suitably measured relations between the system´s inputs and outputs. In terms of the 
information available, this system may be considered to be a typical Black Box system. The proposed procedure has 
been verified by experimental measurements on a concrete nonlinear mechatronic system. Results of experiments 
show that a fuzzy model designed by this method can very well approximate the behaviour of an unknown Black 
Box system, which also applies to nonlinear MIMO systems. The database for the construction of such model should 
be consistent and it should cover the entire assumed space of input quantities entering the controlled system. The 
paper presents a systematic approach that enables the fulfilment of this requirement. The model can be used in the 
design of various control structures and also in the identification of non-measurable additive defects influencing the 
system, mainly in real-time. 
The whole design procedure can be practically fully automated, e.g. in the MATLAB programme environment. 
During the automation process suitable procedures (m-files) were generated and standard tools for work with fuzzy 
systems were exploited (Anfisedit). 
Simulation results and experimental measurements have confirmed that the described method of fuzzy model 
design can be exploited also for modelling of complex nonlinear systems, such as e.g. that of a dual axis mechatronic 
system with as little previous knowledge as possible. In the future the method described could be applied also to 
other types of nonlinear systems with similar properties.  
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